Introduction
Reoviruses infect most mammalian species, including humans, but reovirus-induced disease is limited to the very young (1) . Reovirus infections of newborn mice provide a powerful experimental system for studying the role of virus-receptor interactions in the pathogenesis of viral disease. Following replication in intestinal lymphoid cells, all three reovirus serotypes spread through the blood to distant sites including heart, brain, liver, spleen, and kidneys (2) . However, reovirus serotypes differ in the pathogenesis of CNS infections (2) . Serotype 1 (T1) strains enter the CNS via hematogenous routes, replicate within ependymal cells, and cause self-limiting hydrocephalus (3) . In sharp contrast, serotype 3 (T3) strains enter the CNS by neural routes, spread from the myenteric plexus along the vagus nerve, and ultimately reach the vagus nucleus in the brain stem (4) . Once in the CNS, T3 strains replicate in defined populations of neurons (5) and cause lethal encephalitis that is associated with neuronal apoptosis (6) .
In addition to encephalitis, infection with a subset of T3 reovirus strains is associated with development of oily hair effect (OHE) (7, 8) , a syndrome associated with viral replication in intrahepatic bile duct epithelium, biliary obstruction, and fat malabsorption (7, (9) (10) (11) . OHE resembles human biliary atresia, an acute and progressive inflammatory destruction of bile duct epithelium that is the leading cause of liver transplantation in children (12) (13) (14) (15) . Numerous studies have attempted to correlate reovirus seropositivity with biliary atresia, with disparate results (16) (17) (18) (19) (20) (21) (22) (23) . However, reovirus RNA was detected in 50-78% of one group of patients with obstructive liver disease, while only 12% of control samples contained reovirus RNA (24) . This correlation was statistically significant, but not absolute, suggesting that either only a subset of reovirus strains are capable of causing biliary atresia or additional host factors contribute to disease penetrance.
Experiments using genetic reassortant viruses indicate that the route of spread (25, 26) , CNS tropism (27, 28) , and biliary disease (7) segregate with the S1 gene segment, which encodes the viral attachment protein known as σ1 (29, 30) . Most T3 σ1 proteins bind terminal sialic acid on glycosylated cellular proteins (31) (32) (33) (34) (35) using sequences in the fibrous σ1 tail domain (36) (37) (38) . However, some naturally occurring T3 strains do not bind sialic acid and are presumed to be incapable of binding any carbohydrate (39) . T1 σ1 binds a non-sialic acid carbohydrate that has not been identified (40) , also using sequences in the tail domain (38) . In addition to the carbohydrate-binding domains in the σ1 tail, the globular head domains of both T1 and T3 σ1 use junctional adhesion molecule-1 (JAM1) as a cell-surface receptor (41) . JAM1 is a member of the immunoglobulin superfamily and influences both tight junction formation (42) and leukocyte transmigration across endothelium (43, 44) .
The finding that JAM1 serves as a serotype-independent reovirus receptor suggests that σ1-JAM1 interactions are not solely responsible for defining reovirus tropism in vivo, thereby pointing to a potential role for carbohydrate coreceptors in this process. Since almost all detailed studies of T3 reovirus pathogenesis have used sialic acid-binding strains (4, 5, 25, 26, 28) , little is known about the role of sialic acid in determining reovirus tropism and disease in the infected host. Some cultured cell lines, including murine erythroleukemia cells (MEL cells), support binding and infection of only those reovirus strains that bind sialic acid (36, 37) . For other cell types, such as HeLa cells, the capacity to bind sialic acid significantly enhances the efficiency of viral adsorption and infection (45) . However, murine L929 cells (L cells) do not require sialic acid binding for efficient infection (32, 45) . It is possible that distinct cell types exist in vivo that mimic these differential requirements for sialic acid binding.
To define the contribution of sialic acid binding to the pathogenesis of T3 reovirus disease, we infected newborn mice with reovirus strains T3SA-and T3SA+ and compared mortality, viral replication, tropism, pathologic injury, and disease outcome. The σ1 protein of T3SA-does not bind sialic acid, whereas the σ1 protein of T3SA+ possesses a single amino acid substitution that confers high-avidity binding to this carbohydrate (45) . We found that in comparison to T3SA-, strain T3SA+ spreads more rapidly from the intestine to distal sites of infection, including the CNS. In addition, T3SA+, but not T3SA-, infects bile duct epithelial cells and causes obstructive liver disease in mice. These results indicate that the capacity of reovirus to bind sialic acid alters the reovirus-host interaction, resulting in distinct disease phenotypes. Furthermore, these findings suggest that infection of human neonates with the subset of reovirus strains capable of binding sialic acid may lead to biliary atresia.
Methods
Cells, viruses, and antibodies. L cells and MEL cells were grown in either suspension or monolayer cultures as previously described (37) . Mz-Cha-1 human cholangiocarcinoma cells derived from a gallbladder adenocarcinoma metastasis were cultured in CMRL 1066 medium (Invitrogen Corp., Carlsbad, California, USA) as described (46) . Reovirus strains T3C44-SA-(T3SA-) and T3C44-MA-SA+ (T3SA+) were generated by genetic reassortment of strains T3C44 and T3C44-MA, respectively, with strain type 1 Lang (45). T3SA-contains the S1 gene of T3C44, which does not bind sialic acid (37, 39) , whereas T3SA+ contains the S1 gene from T3C44-MA, which binds sialic acid by virtue of a single substitution (Leu 204 → Pro) in the σ1 tail (37) . The remaining nine genes of both T3SA-and T3SA+ are derived from strain type 1 Lang (45) . Purified virion preparations were made using second-or third-passage L cell lysate stocks of reovirus that had been plaquepurified twice (47) . Polyclonal rabbit anti-reovirus serum was obtained as previously described (48) . Antireovirus serum was heat-inactivated by incubation at 56°C for 60 minutes.
Mice and inoculations. ND4 Swiss Webster mice (2-3 days old; Harlan, Indianapolis, Indiana, USA), at an average weight of 2 g, were inoculated perorally or intracranially with purified virus diluted in gelatin saline. Prior to inoculation, mice from simultaneously delivered litters were pooled and randomized into litters of eight to eleven mice. For peroral inoculations, 50 µl of virus was delivered into the stomach by passage of a 0.61-mm polyethylene catheter (Becton, Dickinson and Co., Sparks, Maryland, USA) through the esophagus (49) . For intracranial inoculations, 5 µl of virus was delivered into the right cerebral hemisphere using a Hamilton syringe and a 30-gauge needle (BD Biosciences, Palo Alto, California, USA) (50) . At various times after inoculation, mice were euthanized and organs were harvested into 2 ml of gelatin saline and homogenized by freezing, thawing, and sonication. Viral titer in organ homogenates was determined by plaque assay using L cells (51) . The small and large intestines were harvested in their entirety for determination of viral titer in the intestine.
The LD 50 of reovirus was determined using litters of mice inoculated with a single dose of reovirus either perorally or intracranially and monitored daily for survival for 21 days after inoculation. Moribund mice were euthanized. LD 50 values were calculated using the method of Reed and Muench (52) . All animal experiments were performed using protocols consistent with Association for Assessment of Laboratory Animal Care regulations.
Quantitation of serum alkaline phosphatase and bilirubin levels. At various times after inoculation, mice were anesthetized and decapitated. Blood was collected and allowed to coagulate, and serum was separated by centrifugation. Sera were stored at -20°C, protected from light, and submitted in batches to the Oppenheimer United Reference Laboratory (Nashville, Tennessee, USA) for determination of total bilirubin and alkaline phosphatase levels.
Histology and immunohistochemical staining for reovirus antigen. At various times after inoculation, mice were euthanized and tissues were harvested. Organs were fixed in 10% buffered formalin at 4°C for 24-48 hours, then embedded in paraffin and thin-sectioned using standard histologic techniques. Deparaffinized tissue was stained using hematoxylin and eosin prior to microscopic examination.
For immunohistochemical staining, deparaffinized tissue was rehydrated by incubation in PBS for 20 minutes at room temperature. Endogenous peroxidase was quenched by incubation for 30 minutes in 0.3% peroxide in methanol. Tissues were blocked by incubation for 20 minutes in PBS containing 1.5% normal goat serum. Tissues were incubated for 30 minutes in protein A affinity-purified anti-reovirus serum (1:800 in blocking solution) that was first preadsorbed against methanol-fixed L cell monolayers. Antigen-positive cells were visualized using avidin/biotin-conjugated HRP and 3,3′-diaminobenzadine (DAB) substrate according to the manufacturer's instructions (Vector Laboratories Inc., Burlingame, California, USA). After DAB staining, tissues were rinsed in deionized water and counterstained for 45 seconds with hematoxylin and mounted under coverslips.
RT-PCR and restriction digestion. Viral RNA was purified from homogenized livers of infected mice or second-passage lysate stocks using TRI reagent (Molecular Research Center Inc., Cincinnati, Ohio, USA). RT-PCR was performed by mixing either 500 ng of viral RNA or 5 µl of a 1:50 dilution of total organ RNA with 500 ng of each primary PCR primer diluted to 30 µl in water. RNA and primers were incubated at 94°C for 2 minutes and snap-cooled on ice. The primary PCR reaction volume was 50 µl, with final concentrations of 1× Taq buffer (Promega Corp., Madison, Wisconsin, USA), 1.5 mM MgCl 2 , 200 µM each dNTP, 15 U avian myeloblastosis virus reverse transcriptase (Promega Corp.), and 2.5 U Taq DNA polymerase (Promega Corp.). Reverse transcription was performed at 42°C for 1 hour, followed by incubation at 94°C for 1 minute. Samples were then amplified for 22 cycles of a protocol consisting of 94°C for 20 seconds, 53°C for 2 minutes, and 72°C for 5 minutes, followed by an additional incubation at 72°C for 20 minutes. Nested PCR was performed using 500 ng of each secondary primer and 5 µl of the primary PCR amplification product (782 bp) in a final volume of 50 µl. Secondary amplification was performed using 20 cycles of an identical protocol. The oligonucleotide primers for the primary PCR were: forward, 5′-GATGCT-CAACTTGCAATCTCC-3′, and reverse, 5′-TGTACCCTC-CAATTCAGCCC-3′. The oligonucleotide primers for the secondary PCR were: forward, 5′-CCACTGAGCTAT-CAACTCTGAC-3′, and reverse, 5′-TCCTATCCACAT-GCTCTGCC-3′. Restriction digestion was performed using BstNI (New England Biolabs Inc., Beverly, Massachusetts, USA). Digested secondary PCR products were resolved by agarose gel electrophoresis and visualized by ethidium bromide staining. BstNI digestion results in cleavage of the T3SA+ S1 PCR secondary product after the cytosine at bp 190, yielding fragments of 190 and 355 bp, while the T3SA-S1 PCR product is not cleaved by this enzyme.
Assessment of virus growth in L cells and MEL cells. Homogenized organ samples (200 µl) harvested at days 4, 8, and 12 after peroral inoculation were passaged in L cells (6 × 10 6 ) at 37°C for 72 hours, and lysates were obtained by three cycles of freezing and thawing. Tissue culture medium was aspirated from cells, and virus inoculum (150 µl) was adsorbed to cells (2 × 10 5 ) at room temperature for 1 hour. The inoculum was removed, cells were washed with 1 ml of PBS, and 1 ml of complete medium was added. Cells were incubated at 37°C for various intervals, followed by three cycles of freezing and thawing to release progeny virions. Titers of infectious virus in lysates were determined by plaque assay using L cells (51) .
Virus binding assays. L cells or Mz-Cha-1 cells were released from culture flasks using PBS with 0.02% EDTA and brisk pipetting. Detached cells were resuspended at 2 × 10 6 per ml in PBS and either mocktreated or incubated at 37°C for 1 hour with 1 U per ml Clostridium perfringens neuraminidase (SigmaAldrich, St. Louis, Missouri, USA) to remove cell-surface sialic acid. Neuraminidase reactions were terminated by adding 10 volumes of ice-cold FACS wash buffer (PBS, 10% FBS, 1% BSA, and 0.02% sodium azide) and centrifuging at 500 g for five minutes. Cells were resuspended in FACS wash buffer and incubated at room temperature for 30 minutes with 0, 10 3 , 10 4 , or 10 5 particles per cell of either T3SA-or T3SA+. Binding reactions were performed using U-bottom microtiter plates with 5 × 10 5 cells in a volume of 0.1 ml. Unbound virus was removed by two washes with 0.15 ml cold FACS wash buffer and centrifugation for two minutes at 500 g. Cells were incubated with primary antibody (1:1,000 dilution of preimmune or hyperimmune serum generated against reovirus strain type 1 Lang) and secondary antibody (1:500 dilution of goat anti-rabbit phycoerythrin-conjugated Fab fragments) at 4°C for 30 minutes, followed by washing with FACS wash buffer. Cells were fixed in 2% paraformaldehyde and analyzed using a FACSCalibur flow cytometer (BD Biosciences Immunocytometry Systems, San Jose, California, USA).
Results
Growth of T3SA-and T3SA+ in mice following peroral inoculation. We reasoned that sialic acid binding might alter any of several steps in reovirus pathogenesis, including (a) viral replication in the intestine, (b) spread from the intestine to secondary organs, or (c) the specificity of viral tropism for different cell types. To determine the effect of sialic acid binding on viral growth in the intestine and spread to secondary sites of replication, newborn ND4 Swiss Webster mice were inoculated perorally with 2.5 × 10 3 PFU of T3SA-or T3SA+. Organs were harvested at various times after infection, and infectious virus in each organ was quantitated ( Figure 1 ). We found that both strains produced equivalent titers of virus in the intestine at 4, 8, and 12 days after inoculation. Two days following oral inoculation, the number of antigen-positive mononuclear cells in the duodenal lamina propria of mice infected with T3SA-or T3SA+ were similar (data not shown), consistent with the equivalent viral titer at this site at later times. Four days after inoculation, mice inoculated with T3SA-or T3SA+ displayed moderate inflammatory infiltrates in the duodenum that were qualitatively equivalent (data not shown). These data indicate that the efficiency and specificity of reovirus replication in the intestine is not altered by the capacity to bind sialic acid.
In contrast, we observed that viral titer in spleen, liver, and brain at day 4 was approximately 50-fold higher in mice infected with T3SA+ than in mice infected with T3SA-. By day 8, the titer of T3SA-in spleen had increased to the level of T3SA+, and titers of both strains were equivalently reduced by day 12. In liver, more T3SA+ than T3SA-was detectable at days 4 and 8, but titers were equivalent for the two strains by day 12. Although titers of T3SA-were not detectable in the brain on day 4, T3SA+ was readily detected at this timepoint and remained elevated relative to T3SA-at day 8. Unlike titers in the intestine and spleen, titers of virus in the brain were greater on day 12 than at earlier timepoints, indicating progressive CNS replication by both strains. Twelve days after inoculation with either strain, infected animals exhibited circling behavior, hind limb paralysis, and seizures, consistent with fulminant encephalitis (1). These results suggest that the capacity to bind sialic acid either enhances reovirus spread from the intestine to distal sites of replication or influences the growth of reovirus once these sites are reached.
Growth of T3SA-and T3SA+ in mice following intracranial inoculation. To determine whether increased titer of T3SA+ in the CNS following peroral inoculation is due to enhanced neuroinvasion or accelerated replication at that site, we assessed the capacity of strains T3SA-and T3SA+ to replicate in the brain following intracranial inoculation (Figure 2 ). Newborn mice were inoculated intracranially with 10 3 PFU of each strain, and brain was harvested at 1, 12, 24, 36, or 48 hours after inoculation. At 1 hour after inoculation, viral titer in brain tissue of infected mice was approximately tenfold less than input virus. By 12 hours after inoculation, however, viral titers for both strains were approximately tenfold greater than input virus. By 48 hours after inoculation, viral titers for both strains were 100-to 1,000-fold above input. These findings indicate that sialic acid binding does not dramatically alter the efficiency of acute CNS replication of T3 reovirus strains. These results also suggest that increased viral titers at early timepoints in brain tissue of mice perorally inoculated with T3SA+ ( Figure 1 ) represent a sialic acid-mediated enhancement of T3SA+ spread from the intestine to the CNS.
Genotype and phenotype of T3SA-and T3SA+ remain stable in vivo. The observation that titers of T3SA-eventually reach a level equivalent to those of T3SA+ in the spleen, liver, and brain suggested that selection for sialic acid-binding variants might occur during infection in the host. To determine whether T3SA-and T3SA+
Figure 1
Growth of T3SA-and T3SA+ in mice after peroral inoculation. ND4 Swiss Webster mice, 2-3 days old, were inoculated perorally with 2.5 × 10 3 PFU of either T3SA-or T3SA+ in a volume of 50 µl. At the indicated times after inoculation, mice were euthanized and organs were collected. Organs were homogenized by sonication, and titers of virus present in homogenates were determined by plaque assay. Each bar represents the average viral titer from three mice. Error bars indicate SEM. *P < 0.05 by Student t test.
Figure 2
Growth of T3SA-and T3SA+ in mice after intracranial inoculation. ND4 Swiss Webster mice, 2-3 days old, were inoculated intracranially with 1 × 10 3 PFU of either T3SA-or T3SA+ in a volume of 5 µl. At the indicated times after inoculation, mice were euthanized and brains were collected. Brain tissue was homogenized by sonication, and titers of virus present in homogenates were determined by plaque assay. Each data point represents the average viral titer from two to four brains.
are genetically stable during multiple rounds of replication in vivo, we used a BstNI restriction site polymorphism in the T3SA+ S1 gene that is responsible for the sialic acid-binding Leu 204 → Pro mutation in the σ1 tail (Figure 3a) . Total RNA was extracted from infected livers at 4, 8, and 12 days after inoculation. The viral S1 gene was amplified from control virus stocks or liver RNA using nested RT-PCR and digested with BstNI, which cleaves the T3SA+ but not the T3SA-S1 fragment. We found that no BstNI-cleavable S1 fragment could be isolated from livers infected with T3SA-at any timepoint, while all S1 amplicons from mice infected with T3SA+ remained BstNI-sensitive. These findings indicate that the sialic acid-binding mutation present in T3SA+ is stable for up to 12 days in vivo and that selection of this mutation does not occur during infection with T3SA-for the interval assessed.
To confirm that the sialic acid-binding phenotypes of these strains are maintained in vivo, organ lysates were assayed for the capacity to infect L cells and MEL cells (Figure 3b ). Although both T3SA+ and T3SA-grow efficiently in L cells (45) , only sialic acid-binding reovirus strains are capable of infecting MEL cells (37) . Consistent with the genetic stability of T3SA-and T3SA+, we found that virus in organ lysates of mice infected with T3SA-replicated efficiently in L cells but not in MEL cells, whereas virus in organ lysates of mice infected with T3SA+ replicated efficiently in both cell types. These data indicate that mutations altering the carbohydrate-binding specificity of T3SA-and T3SA+ do not occur during the course of replication within the host, indicating that pathogenic phenotypes differing between these two strains can be biochemically linked to sialic acid binding.
Virulence of T3SA-and T3SA+ following intracranial and peroral inoculation. To assess the neurovirulence of strains T3SA-and T3SA+, litters of newborn mice were inoculated intracranially with increasing doses (from 0.5 to 92 PFU per mouse) of T3SA-or T3SA+, and mortality was monitored daily for 21 days after inoculation (Table 1) . At the lowest dose tested, no animals died during the observation period, while all mice died after inoculation with either strain at the highest dose tested. At all intermediate doses, there was a trend toward increased lethality in litters infected with T3SA+. When these results were analyzed to calculate LD 50 for each strain (52), the LD 50 of T3SA+ was determined to be fourfold lower than that of T3SA-(2.5 PFU vs. 10 PFU). These results indicate that the capacity to bind sialic acid modestly increases reovirus virulence when virus is inoculated directly into the brain. To determine the role of sialic acid binding in virulence following a natural route of infection, newborn mice were inoculated perorally with increasing doses (10 1 to 10 8 PFU per mouse) of T3SA-or T3SA+ and monitored daily for mortality (Table 2 ). In contrast to results obtained following intracranial inoculation, we observed no difference in mortality between these strains following peroral inoculation. Together, these results indicate that the capacity to bind sialic acid does not make a major contribution to the virulence of T3 reovirus following peroral inoculation but may lead to enhanced injury to neural tissues following entry into the CNS.
Mice infected with T3SA+ develop OHE. During the course of these experiments, we noted that the majority of mice inoculated perorally with more than 10 2 PFU of T3SA+ developed OHE (Figure 4 , n = 22 of 29 litters displaying OHE). OHE was previously reported in association with reovirus infection of intrahepatic bile duct epithelium, resulting in biliary tract obstruction and fat malabsorption (7, (9) (10) (11) . OHE developed in mice infected with T3SA+ between 10 and 14 days after inoculation. Closer inspection revealed that mice with OHE excreted fatty, acholic stools, with oily hair likely deriving from contact with lipid-rich stools in the bedding. Mice also appeared growth-retarded in comparison with those infected with T3SA-. OHE and acholic stools were never observed in litters infected with T3SA-, even at doses up to 10 8 PFU per mouse (n = 26 litters receiving doses of greater than 10 2 PFU perorally). However, mice infected with either virus strain developed neurologic symptoms, and mortality associated with either infection appeared to be due to encephalitic disease. Mice surviving the initial infection ultimately cleared signs of OHE and recovered completely. Thus, mice infected with T3SA+ appear to develop signs of obstructive liver disease in addition to the encephalitis characteristic of T3 reovirus infection.
Serum alkaline phosphatase and bilirubin levels in mice following infection with T3SA-and T3SA+.
To determine whether mice showed biochemical evidence of biliary obstruction, we assessed alkaline phosphatase and bilirubin levels in mice that were either mock infected or infected with T3SA-or T3SA+ ( Figure 5 ). Neither biomarker of biliary tract injury was consistently elevated in mock-infected mice or mice infected with T3SA-. In contrast, levels of alkaline phosphatase were moderately increased in animals infected with T3SA+ on days 4 to 12 after inoculation. Importantly, serum bilirubin levels rose sharply in animals infected with T3SA+ on day 10 after inoculation, coincident with the development of oily hair and steatorrhea. These results indicate that OHE induced by T3SA+ is associated with biochemical signs of biliary tract injury.
Liver histopathology in mice following infection with T3SA-and T3SA+. We next examined liver tissue of mice infected with T3SA-and T3SA+ for evidence of biliary tract inflammation ( Figure 6 ). Eight days after peroral inoculation, liver from mice inoculated with T3SA-contained moderate periportal inflammatory infiltrates. However, like the bile ducts of mice inoculated with PBS (Figure 6a ), bile ducts of mice infected with T3SA-were patent and showed no evidence of inflammation (Figure 6b ). In contrast, livers from mice infected with T3SA+ contained marked portal lymphoid infiltrates, with bridging of adjacent portal triads and frequent encroachment on the central vein. Inflammatory cells appeared to cluster around the bile ducts, with evidence of bile duct necrosis observed in some sections ( Figure 6, c and d) .
Immunohistochemical localization of reovirus antigen in bile duct epithelial cells. To directly test whether sialic acid binding confers tropism for bile duct epithelial cells, liver sections from mice infected with T3SA-and T3SA+ were stained for reovirus antigen (Figure 7) . The timepoint of 6 days after inoculation was chosen for this analysis, since we reasoned that viral infection would precede the inflammation observed at 8 days after inoculation. Liver tissue of mice infected with T3SA-displayed occasional antigen-positive hepatocytes within the parenchyma, but bile duct epithelial 
Figure 4
Mice infected with T3SA+ develop OHE. Two-day-old ND4 Swiss Webster mice were inoculated perorally with 1 × 10 4 PFU of either T3SA-or T3SA+ and photographed 11 days after inoculation.
cells were consistently antigen-negative ( Figure 7 , a and b). In contrast, nearly every bile duct found in the liver of mice infected with T3SA+ displayed strong reovirus antigen staining in the cytoplasm of cuboidal bile duct epithelial cells ( Figure 7, c and d) . In most cases, infected bile duct tissue was also the focus of an inflammatory exudate. Differences in the patterns of inflammation induced by T3SA-and T3SA+ persisted at later timepoints, even when viral titers in liver tissue were equivalent (data not shown). These findings provide strong evidence that the capacity to bind sialic acid influences tropism of T3 reovirus to bile duct epithelium, which results in biliary tract inflammation and obstructive jaundice.
Binding of T3SA-and T3SA+ to a human biliary epithelial cell line. To test the hypothesis that tropism of T3SA+ for biliary epithelium observed in vivo is linked to the capacity of this strain to bind sialic acid on the biliary epithelial surface, we assessed the binding of T3SA-and T3SA+ to Mz-Cha-1 cells (Figure 8 ). Mz-Cha-1 cells are immortalized human cholangiocarcinoma cells that retain many biochemical and ultrastructural characteristics of biliary epithelial cells (46) . L cells, which do not require sialic acid binding for efficient infection (45) , were used as a positive control for binding. L cells and Mz-Cha-1 cells were either mocktreated or treated with neuraminidase to remove cellsurface sialic acid and then incubated with increasing concentrations of T3SA-and T3SA+. The extent of virus binding was measured using polyclonal anti-reovirus serum and flow cytometry. As anticipated, the binding of T3SA-and T3SA+ to L cells was equivalent, with binding of either strain easily detectable with as little as 10 3 viral particles per cell. T3SA+ bound with slightly higher efficiency than T3SA-to L cells (three-to fivefold enhancement), and this increase in binding efficiency was eliminated by treatment with neuraminidase ( Figure 8, a-d) . However, the binding of T3SA-to Mz-Cha-1 cells was minimal, even at the highest dose of virus tested (10 5 particles per cell) (Figure 8e ). In striking contrast, high-level, dose-dependent binding of T3SA+ to MzCha-1 cells was observed at all virus doses tested, and the level of binding of T3SA+ to Mz-Cha-1 cells was 10-to 100-fold more efficient than that of T3SA- (Figure 8f) . The efficiency of T3SA+ binding to Mz-Cha-1 cells was reduced to that of T3SA-by neuraminidase treatment, indicating that the observed binding is specific and dependent on sialic acid (Figure 8, g and h) . These findings indicate that the capacity to bind sialic acid results in a dramatic enhancement of reovirus attachment to biliary epithelial cells and strongly suggest that the capacity to bind this carbohydrate is required for infection of this cell type in vivo.
Figure 5
Serum alkaline phosphatase and bilirubin levels in mice after infection with T3SA-and T3SA+. ND4 Swiss Webster mice, 2-3 days old, were inoculated perorally with 2.5 × 10 3 PFU of either T3SA-or T3SA+. Mock-infected animals were inoculated perorally with PBS. At the indicated times after inoculation, mice were euthanized, blood was collected, and serum was separated by centrifugation. Total alkaline phosphatase (a) and bilirubin (b) levels were determined for each serum sample. Each bar represents an average enzyme level for one to four mice. Error bars indicate SEM. *P < 0.05, T3SA-vs. T3SA+ by Student t test.
Figure 6
Liver histopathology in mice following infection with T3SA-and T3SA+. ND4 Swiss Webster mice, 2-3 days old, were inoculated perorally with PBS (a) or 2.5 × 10 3 PFU of either T3SA-(b) or T3SA+ (c and d). At 8 days after inoculation, liver tissue was harvested, embedded in paraffin, thin-sectioned, and stained with hematoxylin and eosin. Sections from approximately ten mice infected with each virus were examined and showed qualitatively similar results. Photomicrographs were prepared at final magnifications of ×100 (c) or ×400 (a, b, and d) .
Discussion
Results of experiments described here represent the first characterization of the role of carbohydrate binding in reovirus tropism and pathogenesis in the infected host. We report that sialic acid binding enhances spread of T3 reovirus from the intestine to distal organs, including the spleen, liver, and brain. In addition, we demonstrate that the capacity to bind sialic acid is required for reovirus tropism for bile duct epithelial cells and ensuing biliary tract destruction. These findings support the hypothesis that binding to carbohydrate modulates the systemic nature of reovirus disease by altering viral tropism at the level of virus attachment. In addition, these findings indicate that ubiquitous cell-surface carbohydrates, such as sialic acid, are capable of determining specificity of reovirus tropism not only in cultured cells but also in the infected animal.
The capacity to bind sialic acid enhances reovirus dissemination from the intestine to distal organs. Comparison of viral titers in the intestine, spleen, liver, and brain after peroral or intracranial inoculation indicates that the capacity to bind sialic acid can enhance reovirus spread from the primary site of replication to distal organs. One mechanism for enhanced spread might involve sialic acid-mediated tropism of T3SA+ for a circulating cell type. It is known that sialic acid-binding T3 strains replicate within submucosal lymphoid populations in the intestine (4, 53, 54) , and it is possible that T3SA+ preferentially infects circulating monocytes, lymphocytes, or dendritic cells. The observation that titers of T3SA+ increase early (day 4 after inoculation) in the spleen, a highly vascular organ, suggests that this strain may be more efficient at entering the host blood stream following intestinal replication. This early boost in hematogenous titer may result in rapid viral seeding of distal organs, including liver and brain. However, higher titers of T3SA+ detected in liver and brain cannot be solely due to an increase in hematogenous titer, since T3SA+ produces significantly higher titers in these organs at day 8 after inoculation, at which time titers of T3SA-and T3SA+ in the spleen are equivalent. In the case of enhanced spread of T3SA+ to the CNS, it is possible that this strain manifests an increased efficiency to infect vagus neurons, thereby accelerating its entry into the brain stem (4) . Surprisingly, although T3SA+ demonstrates an enhanced capacity to spread to the CNS, neither its virulence nor kinetics of lethality following peroral inoculation is significantly altered in comparison to T3SA-. Because of its delayed dissemination from the intestine, we tested whether T3SA-mediates spread by mutating to a virus capable of binding sialic acid. Amplification of S1 gene segment cDNA's by RT-PCR and digestion with BstNI reveals that T3SA-does not
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Figure 7
Immunohistochemical localization of reovirus antigen in bile duct epithelial cells. ND4 Swiss Webster mice, 2-3 days old, were inoculated perorally with 2.5 × 10 3 PFU of either T3SA-(a and b) or T3SA+ (c and d). Six days after inoculation, liver tissue was harvested, embedded in paraffin, thin-sectioned, and stained for reovirus antigen using rabbit anti-reovirus serum and horseradish peroxidase. Dark brown staining indicates reovirus antigen. Sections from approximately ten mice infected with each virus were examined and showed qualitatively similar results. Photomicrographs were prepared at ×400 final magnification. Representative sections from two separate animals are shown. develop the point mutation that confers sialic acid binding. Furthermore, viruses isolated from infected mice retain their respective parental sialic acid-binding phenotypes, indicating that these strains are genetically and phenotypically stable in vivo. The lack of difference in mortality exhibited by T3SA-and T3SA+ may reflect the fact that mortality studies lack the sensitivity to detect differences in the type of disease that result in death of the host. This possibility seems particularly likely in the case of T3SA-and T3SA+ virulence since the pathogenesis of T3SA-seems limited to viral encephalitis, whereas T3SA+ is also capable of causing obstructive liver disease. Thus, although T3SA-and T3SA+ produce mortality with equivalent efficiency, they cause dramatically different clinical syndromes, as reflected in their differential tropism for bile duct epithelium. The capacity to bind sialic acid is required for reovirus replication in bile duct epithelium. Use of sialic acid as a coreceptor clearly affects reovirus tropism for specific cells in the host, as evidenced by the striking tropism of T3SA+ for bile duct epithelial cells observed in this study. The observation that T3SA+ but not T3SA-is capable of efficient binding to human biliary epithelial cells suggests that reovirus biliary tropism is mediated directly at the biliary epithelial cell surface. However, the precise mechanism by which sialic acid binding targets reovirus to bile duct epithelium remains to be determined. Of note, bile duct epithelial cells express high levels of JAM1 (C. Parkos, personal communication), the proteinaceous receptor used by both T3SA-and T3SA+ (41) . In addition, our preliminary studies indicate that highaffinity binding of T3SA+ to human biliary epithelial Mz-Cha-1 cells requires virus binding to both sialic acid and JAM1 (E.S. Barton and T.S. Dermody, unpublished observation). The preferential infection of bile duct epithelium by T3SA+ therefore suggests that sialic acid binding enhances virus infection through adhesion to the cell surface, where JAM1 is accessed. Alternatively, since the bile duct epithelium is isolated from direct contact with the circulation by the bile canalicular system (55), it is possible that T3SA+ bile duct tropism is determined by the capacity to infect subsets of hepatocytes that line these canals. Infection of such cells would allow excretion of reovirus particles into bile canaliculi and subsequent bile duct infection. It is also possible that T3SA+ gains access to intrahepatic bile ducts through retrograde infection from the duodenum along the common bile duct. Thus, our data demonstrate an important role for sialic acid binding in bile duct tropism but do not define whether the critical sialic acid residues bound by reovirus reside on the biliary epithelial surface or on other host cells.
In a previous study of reovirus-induced biliary disease, the σ1 protein was implicated as a determinant of bile duct tropism (7) . Reovirus strains T3C31 and T3C87 were capable of inducing OHE, and interestingly, both of these strains bind sialic acid (39) . Two additional strains, T3C43 and T3C84, did not induce OHE, and neither binds this carbohydrate (39) . However, the correlation of sialic acid binding and OHE was not absolute because sialic acid-binding strains T3D and T3C9 did not induce OHE. These results suggest that sialic acid binding capacity is necessary but not sufficient for bile duct tropism, a conclusion that seems especially likely in the case of T3D. Although T3D is capable of binding sialic acid (39) , it is essentially noninfectious following peroral inoculation (56) , which makes it difficult to draw conclusions about its pathogenic phenotypes following inoculation by this route. In addition to the established role of the S1 gene in reovirus-induced biliary tract infection, a secondary effect of the viral M2 gene, which encodes an outer-capsid protein involved in viral entry, has been reported (8) . Taken together, these results point to an important role for early steps in the reovirus life cycle, specifically attachment and entry, in controlling viral tropism for bile duct epithelium.
Host factors are also capable of modulating the capacity of reovirus to trigger biliary tract disease. Reovirus strain T3C9, which does not cause OHE in normal newborn mice, is capable of doing so if mice are first depleted of CD4 + and CD8 + T lymphocytes (57) , indicating that the host immune response can inhibit biliary tract infection with a strain that is capable of binding sialic acid. This observation provides additional evidence that infection with sialic acid-binding reovirus is not sufficient to produce biliary tract disease. Instead, bile duct injury appears to be a complex interaction between tropism of the infecting strain, efficiency of the antiviral immune response, and perhaps other additional viral and host factors.
Reovirus and biliary atresia. Although the etiology of biliary atresia is not known, the sudden onset and progressive inflammation of this disease strongly suggest a role for an infectious agent. Biliary atresia affects infants in the first few months of life, whereas the average age of first reovirus infection is thought to be after the first year of life (58) . These observations suggest that only rarely would an infant experience initial reovirus infection during the period of risk for biliary atresia, perhaps due to protection from maternal anti-reovirus antibody, in accordance with the low overall incidence (1:10,000 to 1:15,000) of biliary atresia.
Numerous serologic studies have attempted to identify viral inducers of biliary atresia. Some studies have demonstrated a correlation between the presence of anti-reovirus antibodies and biliary atresia, while others have not (16) (17) (18) (19) (20) (21) (22) (23) . Our findings may explain the discordance between anti-reovirus seropositivity and biliary atresia. If sialic acid-binding T3 strains preferentially infect bile duct tissue, then infants acquiring infection with T1, T2, or non-sialic acid-binding T3 strains would be at less risk for biliary atresia. In addition, due to the antigenic similarity of other reovirus proteins across serotypes (1), these individuals would likely be protected from future infection with reovirus strains capable of infecting bile duct epithelial cells. Furthermore, breastfed infants whose mothers transferred sufficient levels of anti-reovirus antibodies (raised against any strain) might also be protected from such an infection.
In the most detailed study to date that implicates reovirus infection as a potential cause of bile duct injury in humans, liver and bile duct tissue samples from patients with biliary atresia or a related biliary tract disease, choledochal cysts, were examined for reovirus RNA by RT-PCR amplification of the reovirus L1 gene (24) . As controls, samples of liver tissue were taken from patients with non-biliary tract liver disease. A highly statistically significant correlation was found between the presence of reovirus L1 RNA in tissue samples and obstructive liver disease. These results indicate that reovirus infection is strongly associated with biliary atresia and choledochal cysts in humans, suggesting that reovirus infection of the biliary tract may play a causal role in these processes. Since the S1 gene was not amplified from the tissue samples used in this study, it was not possible to determine whether viral sialic acid binding capacity is correlated with human biliary tract disease. Such a study would be informative and permit a direct test of the genetic linkage of sialic acid binding by reovirus and biliary atresia.
Results presented here firmly establish a role for sialic acid binding in reovirus tropism and pathogenesis in the host and suggest that differences in the kinetics of reovirus attachment to host cells have important consequences in the infected animal. Further comparison of T3SA-and T3SA+ neural and hematogenous spread, CNS tropism, and bile duct tropism should enable a molecular dissection of the multistep attachment processes that regulate reovirus-induced disease.
